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INTRODUCTION

Intracellular pathogens display considerable differences in host
cell preference, cell entry mechanisms, the establishment of the

intracellular niche, and modes of replication. As a consequence,
each pathogen resides in a particular environment, which, at the
time of egress, determines specific requirements for a successful
exit strategy. However, despite evolutionary adaptation to differ-
ent breeding niches, similar egress strategies are used by even dis-
tantly related pathogens.

The subcellular localization of the pathogen within the host cell
is a determining factor for egress. In most cases, entry into the host
cell results in the pathogen, at least transiently, being enclosed in a
vacuole within the host cell cytoplasm. One of the major hurdles
that intracellular pathogens face is the progressive acidification of
their vacuolar compartment, resulting from fusion with endoly-
sosomes. With a few exceptions, such as the bacterium Coxiella
and the kinetoplastid Leishmania, which are immune to harsh
conditions and can replicate within this hostile environment,
most pathogens evolved elegant strategies to evade this aspect of
cell-intrinsic immunity. Apicomplexan parasites induce the for-
mation of a nonfusogenic parasitophorous vacuole (PV). The
pathogenic mycobacteria Mycobacterium tuberculosis and Myco-
bacterium marinum as well as Chlamydia, Salmonella, and Legio-
nella manipulate the course of phagosomal maturation. All these
pathogens establish a replication niche within the vacuole and
may exit from the vacuole and from the host cell in a single step or
in two steps that can be temporally spaced or happen in rapid
succession. Other pathogens, such as Listeria monocytogenes, Shi-
gella flexneri, and Trypanosoma cruzi, need to escape their vacuole
and instead replicate in the host cell cytosol. This vacuolar escape
can be considered the first step of egress, which needs to be per-
fectly controlled in order to lyse the vacuole but preserve host cell
integrity. After replication, a second egress event then leads to the

release of the progeny from the host cell. Importantly, both steps
need to be individually regulated. This illustrates that the comple-
tion of replication must play a central role in triggering egress for
vacuolar as well as cytosolic pathogens. The timing is likely con-
trolled by intrinsic cues to optimize the number of progeny to be
released and to ensure that the replication and maturation of the
transmission forms have been completed.

Many but not all pathogens have coevolved with their hosts to
achieve a state of latent infection with a limited impact on the host.
The egress of T. cruzi trypomastigotes from the host cell is inhib-
ited by one or more antibodies in sera of mice and humans, col-
lectively termed antiegressin (39, 97). Interestingly, the generation
of this activity during infection in mice coincides temporally with
a decrease in parasitemia and the transition from the acute phase
to the chronic phase (98). This indicates that the control of para-
site egress by the host adaptive immune response might contrib-
ute to the establishment of a chronic infection.

Egress strategies have been designed to overcome one or more
cellular membranes, the host cell cytoskeleton, and organelles.
Proteases, lipases, and pore-forming proteins (PFPs) have been
identified in various intracellular pathogens as molecular effectors
of active egress. Proteases can degrade integral membrane pro-
teins and host cell cytoskeletal elements or may contribute to
egress by controlling the activation of additional factors. The di-
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gestion of membrane lipids by lipases can contribute to mem-
brane disruption. Alternatively, lipases can also play a role in sig-
naling leading to egress (102). PFPs are able to disrupt membrane
integrity and to induce host cell death, and some, such as listerio-
lysin and leishporin, have the ability to polymerize into pores of
increasing size dependent on time and/or monomer concentra-
tions (103, 128). Such changes may determine whether these pro-
teins are able to disrupt a membrane directly or mediate the re-
lease of effector molecules involved in this task. Many PFPs need
to be activated (7, 63, 148), and insertion into the membrane
depends on the recognition of membrane-associated lipids or
proteins (reviewed in reference 119).

In addition, pathogens are known to use molecular mimicry to
hijack host cellular functions, including host cytoskeleton dynam-
ics (28, 36). These factors can induce actin cortex reorganization,
F-actin polymerization for self-propulsion, and membrane fusion
or fission mechanisms to achieve egress. In addition to these mo-
lecular effectors, extended rounds of microbial replication, exflag-
ellation, and motility can exert considerable mechanical stress on
membranes. Although mechanical stress alone does not seem to
be sufficient to bring about egress in most organisms described
here, it still remains an important contributor. Cumulative evi-
dence suggests that a combination of factors operates in diverse
strategies for egress from the host cell (Table 1).

Egress strategies can be destructive or nondestructive for the
host cell. Egress has an important impact on the host organism,
since any tissue damage will trigger the host’s inflammatory re-
sponse, resulting in the recruitment of immune cells to the site of
infection. Despite this major drawback, numerous intracellular
pathogens have opted for a lytic egress strategy, and many have
been demonstrated to nevertheless subvert and modulate the in-
flammatory response. Detrimental damage can lead to a necrotic,
apoptotic, or pyroptotic type of cell death. Necrosis is character-
ized by the breakdown of membranes, which releases intracellular
pathogens. In contrast, apoptosis is a tightly controlled suicide
that does not provoke inflammation, keeping the host plasma
membrane intact with the pathogen enclosed. Compared to apop-
tosis, programmed cell death by pyroptosis involves different sig-
naling pathways, triggers an inflammatory response, and culmi-
nates in cell lysis (48). Several nonlytic egress strategies are known
to inflict damage on the host cell, but plasma membrane damage
can be kept under control, for example, by housekeeping mem-
brane repair mechanisms, such as lysosomal fusion, constriction,
or sealing (78). Only a few strategies allow the pathogen to leave
without any physical damage. In this case, the pathogen usually
redirects itself into a constitutive or housekeeping exit process
such as exocytosis. Examples of lytic and nonlytic exit routes exist
for intravacuolar and cytosolic pathogens. Some pathogens are
versatile in their egress strategies, such as Francisella, mycobacte-
ria, Chlamydia, and Listeria. For example, Listeria cells commonly
spread by a nonlytic protrusion mechanism from one cell to an-
other (29) but can also induce necrotic death and thereby spread
through the infected organism. Lytic and nonlytic strategies also
exist for Cryptococcus; however, the determinants dictating the
exit route remain unclear (9).

Overall, our understanding of host cell egress and cell-to-cell
transmission by intracellular pathogens is still limited. The inher-
ent difficulties in the cultivation and manipulation of many mi-
crobes account for these gaps. In addition, the complexity of spe-
cies-specific life cycles comprising various stages in different host

organisms makes it necessary to examine each stage individually.
The identification and characterization of novel egress strategies
continue, and some exotic mechanisms, such as the egress of mi-
crosporidia from intestinal cells in Caenorhabditis elegans (149),
might be more widespread than assumed. In the following sec-
tions, the various exit strategies known to date and examples from
the recent literature are presented in order of increasing damage
inflicted to the host cell, from nonlytic to death-inflicting pro-
cesses. A schematic overview of the various egress strategies is
presented in Fig. 1.

EGRESS STRATEGIES WITH NEITHER VACUOLE LYSIS NOR
CELL LYSIS

Exocytosis and Autophagy-Related Mechanisms

Arguably, the simplest mechanistic exit strategy for an intracellu-
lar pathogen is to remain in a vacuole during replication and in-
duce the fusion of that vacuole with the host plasma membrane
when the time has come for transmission. This strategy has the
advantage of perfectly preserving the host cell. For example,
Legionella can reemerge from cells of its primary amoeba hosts,
Dictyostelium discoideum and Acanthamoeba castellani, via exocy-
tosis (35, 36). Two pathogen factors, LepA and LepB, were iden-
tified, which, based on structural similarities, could mimic the
SNARE function and steer the pathogen into the exocytic path-
way. In the case of the common periodontal pathogen Porphy-
romonas gingivalis, the endocytic recycling pathway leads to the
exocytosis of bacteria from epithelial cells (142). However, de-
pending on the host cell type, P. gingivalis not only localizes to
endosomes but also may be found in the cytosol or autophago-
somes. Therefore, the authors of that study suggested that other
exit mechanisms are likely to exist. Indeed, another group pro-
posed the existence of a protrusion-like strategy without the ex-
posure of the pathogen to the extracellular milieu (158).

The facultative intracellular pathogenic yeast Cryptococcus neo-
formans proliferates inside the phagosome of macrophages and
monocytes. The exit of progeny from phagolysosomes has been
described to occur by either lytic egress or a nonlytic exocytosis-
like expulsion or “vomocytosis” mechanism. Whereas lytic egress
appears to be the result of intracellular replication and is preceded
by the permeabilization of the phagosomal membrane (150), ex-
pulsion seems to depend on a yeast factor, indicating that it might
be an active process (9, 92). Those studies also noted an inhibitory
effect of the host cell actin. More recently, actin flashes were ob-
served around the phagosome prior to expulsion (80), likely in
coordination with a WASH-mediated V-ATPase retrieval mecha-
nism (31). Indeed, the Arp2/3 activator WASH localizes to Dictyoste-
lium endosomes and phagosomes during the reneutralization phase
that follows the (phago)lysosomal acidic stage and leads to a near-
neutral postlysosomal compartment. WASH-driven actin polymer-
ization was shown to be necessary for V-ATPase retrieval (31). How-
ever, whether the actin flashes play a direct role in the Cryptococcus
exit mechanism remains to be defined. In addition, a direct cell-to-
cell spreading mechanism between macrophages without an expo-
sure of the pathogen to the extracellular milieu was proposed, but its
details and significance remain unclear (8, 91).

A particular way to use an exocytosis-like mechanism was re-
cently reported for Brucella and may also apply to Francisella,
which might exploit an autophagy-like process to gain access to
the cell exterior and reinvade naïve bystanders (34, 138). Interest-
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ingly, this newly revealed strategy has gained interest at the same
time as another (maybe distinct or not) autophagy-related path-
way has been implicated in unconventional protein secretion (26,
110). In both cases, cytoplasmic (including vacuolar and cytoso-
lic) bacteria and proteins are sequestered in a membrane compart-
ment that fuses with the plasma membrane and releases them
outside.

Brucella usually spends much energy and a good share of its
virulence program to establish a replication niche that acquires
most features of the endoplasmic reticulum (ER) (153). The steps
from entry to the establishment of this replication compartment
are well understood, but how Brucella finally escapes its primary
host cell at later stages and spreads infection has long been a ne-
glected field of study. Recently, the transformation of the Brucella-

TABLE 1 Overview of egress strategiesa

Organism Pathogen

Category(ies) of egress strategy(ies) (reference[s])

No vacuole or cell lysis
Vacuole lysis and escape to
the cytosol

Nonlytic egress from the
cytosol Vacuole and host cell lysis

Bacteria Legionella Exocytosis, LepA, LepB
(35, 36)

Pyroptosis, flagellin, T4SS
Dot/Icm, Nlrc4 (131)

Listeria LLO, the phospholipases
PI-PLC and PC-PLC,
Mpl (5, 64, 68, 114, 127,
133)

Protrusion, actin tails,
ActA, ezrin, CD44,
Arp2/3 (25, 113)

Pyroptosis (61)

Porphyromonas Exocytosis (142) Protrusion (158)
Brucella Autophagy related, Atg1,

Atg6 (138)
Francisella Autophagy related? (34) Lysis (124) Pyroptosis (123, 125)
Mycobacteria Autophagy related (37) RD1 locus, T7SS ESX1 (43,

132, 136, 151)
Protrusion, actin tails,

WASP, Arp2/3 (136,
137); ejection, RD1
locus, T7SS ESX1, actin,
RacH (69); apoptosis

Necrosis, T7SS ESX1, Nlrp3
(42, 45, 155)

Shigella T3SS (76) Protrusion, actin tails (76) Pyroptosis, IpaB (61)
Salmonella T3SS, SifA, PipB2, kinesin-1

(19, 24, 73)
Direct cell-to-cell spread

(83, 141), flagellum
dependent (121);
apoptosis (154)

Pyroptosis, SipB, Nalp1 (57,
58, 84, 154); necrosis
(154)

Chlamydia Extrusion, actin (77) Protease dependent (15, 77) Protease dependent (15, 77)

Parasites Plasmodium liver stage Protease dependent,
PbLISP1 (79, 126, 139,
140)

Budding and merosome
formation (14, 66, 139,
140)

Plasmodium blood stage Proteases and osmotic
stress, (exoneme),
PfSUB1, DPAP3, SERAs,
PfCDPK5 (13, 23, 49, 65,
157)

Proteases and osmotic stress,
calpains (23, 33, 65)

Plasmodium gametocyte
stage

Proteases, (osmiophilic
bodies), Pfg377, PbGEST,
PbPEG3/MDV-1 (44,
112,135, 143)

Protease dependent (135)

Plasmodium mosquito
stage

PbECP1, PbSIAP1, motility
(10, 55)

Toxoplasma tachyzoite
stage

PFP mediated,
(microneme), TgPLP1,
motility (81)

PFP mediated, TgPLP1,
motility, calpains (33, 81,
95, 111)

Toxoplasma bradyzoite
stage

Protrusion; gliding
motility (50)

Trypanosoma PFP mediated, TcTOX,
TcLYT1 (12, 90, 93, 99)

Protrusion; motility,
proteases (11, 40, 159)

Leishmania Apoptosis (116)

Yeast Cryptococcus Expulsion (9, 80, 92) Lysis (150) Direct cell-to-cell spread
(8, 91)

Lysis (150)

Fungi Candida Outgrowth, Eed1 (87, 160)
a This table presents a synthetic overview of the egress strategies of pathogenic organisms described in this review. The rows indicate the organisms, while the columns present the
various egress strategies. The mechanisms of egress, such as exocytosis or necrosis, are listed when known, as are the host and pathogen factors involved. Further information about
abbreviations is given in the text or in the references indicated in the table.
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containing vacuole into an autophagosome-like compartment
was described, and it was revealed that this strategy somehow con-
tributes to dissemination (138). Indeed, the formation of infec-
tion foci in epithelial cell monolayers was strongly promoted by
the capacity of Brucella to stimulate the generation of that late
autophagy-dependent compartment. Strikingly, in a way similar
to the recapture of cytosolic M. marinum mentioned below, this
mechanism also seems to be independent of Atg5, although other
classical autophagy factors, such as BECLIN1 (Atg6) and ULK1
(Atg1), are necessary (138).

In the case of Francisella, it is well documented that the bacte-
rium first escapes its vacuole, a phagosome with features of a late
endosomal compartment, within the first 30 min of infection
(124). It then multiplies in the cytosol of its host macrophage, of
mammalian or arthropod origin (122), and is able to trigger
pyroptosis and cell lysis, possibly as a primary strategy for dissem-
ination (123, 125). However, at least in murine macrophages, it is
subsequently taken up again into a membranous compartment by
autophagy. In principle, from this compartment, Francisella could
reemerge from the host cell by a mechanisms related to exocytosis
and start a new cycle of infection. For unknown reasons, this path-

way does not seem to prevail in arthropod phagocytic cells (4). A
possible similar recapture mechanism was reported for cytosolic
M. marinum (see “Vacuole Lysis and Escape to the Cytosol” for a
detailed presentation of mycobacterial vacuole escape). That
pathway was described to be similar to autophagy and leads to the
sequestration of ubiquitinated M. marinum in a vacuolar com-
partment by a process independent of Atg5 (37). The dependence
of the recapture of Francisella on Atg5 has not yet been reported,
despite intense study of the cytosolic host factors that modulate its
fate in the cytosol (4). These strategies and host species-specific
differences acutely highlight the difficulties of classifying intracel-
lular bacteria dogmatically into vacuolar or cytosolic pathogens.

Extrusion from the Cell Surface

Chlamydia replicates within a membrane-bound inclusion, from
where the bacteria escape by two mutually exclusive strategies.
Whereas lytic egress had been described previously, Chlamydia is
also known to use an extrusion mechanism at an almost equal
frequency (77). Lytic egress proceeds by a temporally well-defined
two-step process (15, 77). The lysis of the inclusion vacuole is a
cysteine protease-dependent event, but the factor responsible re-

FIG 1 Egress strategies. Various strategies for egress from a host cell are depicted. After uptake, pathogens are present in a membranous compartment. The
pathogens can then either egress from the cell while remaining within a vacuole, e.g., by reverting the fate of the compartment to an exocytic or an exocytic-like
pathway (left side) (egress without membrane damage) or leave the vacuole and translocate into the cytosol (vacuole lytic activity). Cytosolic pathogens have been
described to leave the host cell in both nonlytic (e.g., protrusion, ejection, and apoptosis) and lytic (necrosis and pyroptosis) manners by disrupting the plasma
membrane. In addition, cytosolic pathogens have been shown to be recaptured into membranous compartments and enter the autophagic pathway, which in
turn allows egress via an exocytic-like route.

Friedrich et al.

710 mmbr.asm.org Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


mains unknown. Subsequently, the host cell plasma membrane
ruptures, triggering the influx of extracellular calcium and the
release of cytosolic bacteria. To prevent complete lysis, the host
cell responds with the activation of the lysosome fusion-mediated
plasma membrane repair mechanism (15). In contrast, extrusion
is a nonlytic process in which protruding Chlamydia inclusions
are partially pinched off from the host cell in an actin-dependent
manner. The resulting extracellular inclusion bodies are sur-
rounded by the host cell cytosol and the host plasma membrane.
Both the host cell and the residual inclusion remain intact (77),
which might play an important role in the persistence of infection.

VACUOLE LYSIS AND ESCAPE TO THE CYTOSOL

Vacuole lysis can be part of an exit strategy that is either nonlytic
or lytic for the host cell (see Strategies for Nonlytic Egress from the
Cytosol as well as Egress Strategies Involving Lysis of the Vacuole
and Host Cell). Controlled vacuolar escape is crucial for patho-
gens replicating in the cytosol but can also be necessary for intra-
vacuolar progeny to pursue a particular egress strategy (for exam-
ple, the budding of Plasmodium liver-stage parasites). Shigella
replicates in the cytosol, and vacuolar escape depends on a func-
tional type III secretion system (T3SS) along with its translocon
(105). While the exact mechanism of vacuolar lysis remains un-
known, this event is accompanied by the recruitment of cytosolic
galectins, possibly to glycosylations decorating the exposed bacte-
ria but surely to membranes of the ruptured phagosome (105, 115,
144). This phenomenon has been observed not only for Gram-
negative Shigella and Salmonella spp. but also for the Gram-posi-
tive bacterium Listeria monocytogenes as well as during sterile
damage and therefore appears to be a generic cytosolic defense
response to phagosomal damage (105, 144). In particular, galec-
tin-8 is able to restrict Salmonella proliferation by binding to spe-
cific carbohydrates on the inner leaflet of the breaking vacuole,
leading to the activation of antibacterial autophagy (144).

In contrast to Shigella, Salmonella usually replicates within the
vacuole. Salmonella secretes factors similar to those secreted by
Shigella via its T3SS but in addition releases SifA and PipB2, which
interfere with kinesin-mediated vacuolar dynamics, delay vacuo-
lar lysis, and, hence, ensure intravacuolar replication (24, 73). A
Salmonella sifA mutant rapidly becomes cytosolic, and its viru-
lence is strongly attenuated in mice (19). While vacuolar lysis most
probably occurs during lytic egress (see Egress Strategies Involving
Lysis of the Vacuole and Host Cell), it might not be required for a
mechanism of direct cell-to-cell transfer, relying on the kinesin-
dependent repositioning of the Salmonella-containing vacuole
from the juxtanuclear region to the periphery (83, 141).

Listeria secretes the well-characterized PFP listeriolysin O
(LLO). LLO, like T. cruzi TcTOX, is nonfunctional in the pH-
neutral cytosol but is activated at a low pH (12, 93, 127), as occurs
in the course of phagosome maturation. The pH dependence con-
fines these molecules to a specific role in pathogen escape from the
vacuole into the host cell cytosol while keeping the host plasma
membrane intact (90). The dysregulation of LLO activity impacts
the virulence of Listeria in mice (64). LLO activity might also be
affected by a perturbation of host cell ion homeostasis, which
inhibits phagosomal escape and also results in decreased virulence
(114). Listeria resides in single-membrane primary vacuoles when
taken up by professional or nonprofessional phagocytic cells or in
double-membrane secondary vacuoles when resulting from cell-
to-cell spread by protrusion. Although not required in several

human epithelial cell lines, LLO appears to be essential for vacu-
olar escape in most other cell types by acting on primary vacuoles
and the outer membrane of secondary vacuoles (5). The early
secretion of LLO after the uptake of bacteria by macrophages leads
to the permeabilization of the primary vacuole, the breakdown of
ion gradients, and the inhibition of phagolysosome fusion, pre-
serving an environment from which the bacteria can escape effi-
ciently (72, 128). Membrane disruption by LLO is assisted by two
phospholipases (phosphatidylinositol-phospholipase C [PI-PLC]
and phosphatidylcholine-phospholipase C [PC-PLC]). PC-PLC is
activated through proteolytic cleavage by the bacterial acid-de-
pendent metalloprotease Mpl, which also cleaves the actin nucle-
ator ActA that is necessary for protrusion (see Strategies for Non-
lytic Egress from the Cytosol) and could be responsible for
delaying bacterial motility in the cytoplasm (94, 117). The two
lipases have overlapping functions in the dissolution of primary
and secondary vacuoles and appear to be particularly important
for the disruption of the inner membrane of secondary vacuoles
(5, 133). Moreover, in epithelial cells, where LLO expression is not
required, PC-PLC activity was shown to be necessary for the lysis
of these single- and double-membrane compartments (68).

Mycobacteria from the tuberculosis group are classically con-
sidered vacuolar intracellular pathogens, but recent evidence has
seriously challenged this view. The first blow to this dogma came
from studies of M. marinum, the closest relative of the tuberculo-
sis group, a pathogen responsible for fish tuberculosis and for
opportunistic skin infections of humans. A mycobacterium was
observed to escape from its vacuole to the cytosol of its host mac-
rophage and even to move around the cytoplasm, powered by an
actin tail, much like Listeria and Shigella (136). Further work dem-
onstrated the involvement of the Arp2/3 complex in this motility,
and this mechanism was also proposed to play a role in the spread
of infection (see “Protrusion at the Plasma Membrane”). A poten-
tial but still hotly debated breakthrough was reported in studies of
M. tuberculosis and Mycobacterium leprae in myeloid cells. Careful
morphometric quantitations indeed revealed that a sizable frac-
tion of these mycobacteria can escape their compartment and in-
vade the cytosol of their hosts (151). Interestingly, the attenuated
vaccine strain Mycobacterium bovis BCG was apparently incapac-
itated in this vacuole escape, raising speculations about the role of
cytosolic mycobacteria in the immune response mounted during
various stages of a tuberculosis infection. The RD1 locus is the
major region of difference between virulent M. tuberculosis and
BCG (75) and was shown to encode the type VII secretion system
ESX1 as well as its secreted factors, such as early secreted antigen
target 6 (ESAT-6) (reviewed in reference 1). The ESX1 machinery
localizes to and secretes at the new poles of growing bacteria (30).
It was hypothesized that ESAT-6 plays a key role in vacuole escape,
as it was shown to possess membranolytic activity (43) and in-
duces membrane pores of approximately 4.5 nm in diameter in a
contact-dependent manner (134). The perforation of and exit
from vacuoles by M. marinum and M. tuberculosis were recently
confirmed by a very elegant experimental strategy (132). Using an
approach similar to the one already validated for Shigella (115),
those authors monitored the exposure of a fluorescence resonance
energy transfer (FRET) substrate loaded into the cytosol of the
host to M. tuberculosis cell wall-associated �-lactamase activity.
That study also confirmed the requirement for a functional ESX1
secretion system for vacuole escape.

The genetic dissection of host and pathogen factors involved in
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vacuolar escape and egress from the host cell made rapid progress
thanks to the establishment of a mycobacterium-host system in an
alternative model organism, Dictyostelium discoideum. This social
amoeba naturally grazes on soil bacteria by efficient phagocytosis;
it interacts with a large variety of bacteria and fungi and has de-
veloped defense processes to survive in such complex environ-
ments, which are precursors to the cell-intrinsic resistance mech-
anisms further refined in phagocytes of the innate immune system
(38). As described above for macrophages, within Dictyostelium,
M. marinum also modifies the composition of the phagosome.
The association of M. marinum with the vacuolar H�-ATPase is
decreased compared to that of nonpathogenic mycobacteria and
is practically undetectable at 6 h postinfection (70). Furthermore,
during the ensuing proliferation phase, M. marinum avoids the
delivery of cathepsin D, a lysosomal protease, to the phagosomal
lumen. Surprisingly, Dictyostelium vacuolin (a flotillin homo-
logue and a raft and late phagolysosomal marker) strongly accu-
mulates around the niche, making it possible to observe and quan-
titate the dynamics of escape from the vacuole. Even more
striking, upon infection of Dictyostelium, M. tuberculosis was also
able to escape to the cytosol to a certain extent. That study not only
confirmed the evolutionary conservation of tubercular mycobac-
terium virulence mechanisms and host processes but also elabo-
rated the crucial role of ESAT-6. Indeed, M. marinum RD1 mu-
tants (equivalent to the BCG strain) showed a greatly reduced
vacuole escape efficiency, which was partially rescued by trans-
complementation, namely, the expression of the bacterial viru-
lence factor directly in the cytosol of the host Dictyostelium (69).

As mentioned above, the vacuolar escape of T. cruzi depends
on the PFP TcTOX. While the molecular identity of TcTOX re-
mains unknown, TcLYT1, a protein with similar characteristics
and suspected to be identical to TcTOX, appears to contribute to
the hemolytic activity. A TcLYT1�/� strain showed diminished
infectivity in cell cultures (93) and attenuated virulence in the
mouse model (159). The vacuolar escape of T. cruzi may depend
on the differentiation of metacyclic trypomastigotes into amasti-
gotes (93, 99), as hemolytic activity has been detected for only
some developmental stages. A trans-sialidase localized on the sur-
face of T. cruzi trypomastigotes facilitates exit from the PV (120),
but it remains uncertain if and how this relates to the action of
TcTOX. The sialidase catalyzes the transfer of host cell sialic acid
residues onto mucin-like proteins on the parasite surface. Para-
sites exit from sialic acid-deficient CHO cells earlier, suggesting
that sialic acid inside the PV might constitute a barrier for the
parasite.

STRATEGIES FOR NONLYTIC EGRESS FROM THE CYTOSOL

Protrusion at the Plasma Membrane

Protrusion mechanisms play an important role in the egress of
prokaryotic intracellular pathogens (28, 76). Protrusion induced
by Listeria and Shigella has been extensively described and relies
on the polymerization of host cell actin on the bacterial surface.
For example, cytosolic Listeria uses its factor ActA to stimulate
F-actin nucleation by mimicking the host WASP family proteins
(25). Through the formation of actin tails, the bacteria move and
induce filopodia extending from the host plasma membrane.
Filopodia contain the bacterium at their tip and are engulfed by
neighboring cells. This transmission process does not seem to in-
volve the death of the initially infected cell (62). Actin filaments in

filopodia are relatively stable (117). The formation of the protru-
sion and effective spreading rely on the ezrin-radixin-moesin
(ERM) family of proteins, which link the actin cytoskeleton to
transmembrane proteins, and in particular, ezrin and CD44 were
shown to be important (113). A similar transmission process was
proposed for the fish and frog pathogen M. marinum in macro-
phages. The motility of cytosolic M. marinum by WASP-induced
actin polymerization has been described (136, 137); however, M.
marinum has not yet been observed in double-membrane com-
partments, which would result from such a transmission strategy.

Despite several eukaryotic pathogens carrying their own ma-
chinery for motility, there is so far surprisingly little documenta-
tion of protrusion mechanisms for eukaryotic pathogens. One
exception might be Toxoplasma gondii bradyzoites, the parasite
form characteristic of chronic infections, contrasting with the lytic
egress of acute-stage T. gondii tachyzoites (see “Concerted Egress
from the Vacuole and the Host Cell”). Visual observations sug-
gested that bradyzoites use a nonlytic strategy reminiscent of pro-
trusion mechanisms involving the parasites’ gliding motility, al-
lowing the invasion of neighboring cells without exposure to the
external medium (50).

Another way of exploiting cytoskeleton dynamics to spread
from cell to cell is the stabilization of direct, membranous, and
F-actin-containing connections between an infected and a nonin-
fected target cell. Physical connections, such as nanotubes or
filopodium bridges, are used by bacteria (3, 104, 158) to cross a
distance to neighboring cells. Conceptually, this transfer can oc-
cur intracellularly, within the tubes in a one-dimensional diffu-
sion model; however, its mechanism is not yet understood.

Ejection at the Plasma Membrane

Apart from cell death-mediated mechanisms (see “Apoptosis as a
Nonlytic Exit Strategy” and “Unconcerted Egress from the Vacu-
ole and the Host Cell”), there is evidence for an alternative strategy
of intercellular spreading for cytosolic M. marinum and M. tuber-
culosis in epithelial cell layers (27, 32) as well as in amoebae (69).
RD1, the major virulence locus of pathogenic mycobacteria that is
absent in attenuated strain M. bovis BCG, has been implicated in
cell lysis, egress, and dissemination (42, 75, 82, 152). The exact
mechanism behind this plethora of effects is unclear, but effectors
associated with the ESX1 secretion system are secreted at the bac-
terial poles (30) and might be ideally positioned to initiate an
egress strategy when they contact the host cell cortex. This view is
supported by observations of M. marinum escape from the
amoeba Dictyostelium. In this system, the nonlytic ejection of
cytosolic bacteria across the host plasma membrane was ob-
served to take place via a structure of dense F-actin, termed the
ejectosome (69). A bacterial mutant lacking the RD1 locus was
not able to escape from the host cell, and this inhibition could
be partially trans-complemented by expressing ESAT-6 di-
rectly in the host cell cytosol (69). Interestingly, a host mutant
lacking the small GTPase RacH was also deficient in forming
the ejectosome.

It remains to be shown whether other pathogenic mycobacteria
use an ejectosome-based egress strategy in addition to cell death-
based mechanisms. However, because virulent M. tuberculosis and
M. leprae strains, but not the avirulent strain M. bovis BCG, can
translocate into the cytosol for replication like M. marinum (151),
at least under some conditions, we speculate that transmission will
have to involve some form of protrusion or ejection. Sustaining
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this hypothesis, M. marinum was observed to induce long filopo-
dium-like structures reminiscent of Listeria-induced protrusions
in infected macrophages. These structures were observed to serve
cell-to-cell transmission between macrophages in vitro (137) and
inside infected zebrafish at early stages of infection (41). Recently,
microsporidian obligate intracellular parasites have been shown
to follow an actin-dependent nonlytic egress strategy to exit intes-
tinal epithelial cells of the worm Caenorhabditis elegans (149).
While the details of the egress process are not fully clarified, it
appears to be preceded by the remodeling of a dense layer of actin
filaments, followed by the egress itself, which is nonlytic and does
not appear to damage the cells (55a).

Budding from the Plasma Membrane

Plasmodium sporozoites invade hepatocytes, where thousands of
exoerythrocytic merozoites are generated to initiate the blood-
stage cycle. Merozoites egress from the vacuole and from the host
cell in two temporally distinct steps (Fig. 2). The rupture of the
parasitophorous vacuolar membrane (PVM) occurs first (14, 66).
In vitro studies indicated that PVM permeabilization is protease
dependent (126, 139, 140). In addition, Plasmodium berghei liver-
stage protein 1 (PbLISP1) plays an important role in the break-
down of the PVM. LISP1 localizes to the PVM, but its exact func-
tion remains unknown. LISP1-deficient parasites remain trapped
inside hepatocytes, and infected mice display decreased levels of
blood parasitemia (79). Intravital imaging of the rodent parasite
P. berghei revealed that merozoites are subsequently released from
the cytosol into hepatic blood vessels (sinusoids) by a budding
mechanism (139). The released vesicles have been termed mero-
somes and are estimated to contain up to thousands of merozoites
as well as host cell organelles and undefined vesicular structures

(14). The merosome membrane is derived from the host cell (66).
During this process, the parasite induces host cell death different
from classical apoptosis or necrosis, leading to the detachment of
the hepatocyte from neighboring cells (66). Remarkably, the
asymmetric distribution of phosphatidylserine, a hallmark of via-
ble cells, is maintained at the surrounding membrane of the hepa-
tocyte and merosomes (14, 139). While the remnants of the hepa-
tocyte are eventually phagocytosed by liver-resident macrophages
(Kupffer cells), the capacity to delay the exposure of phosphatidylser-
ine helps merosomes to evade this fate. Infectious merozoites are
finally released from the merosomes in the pulmonary microvascu-
lature, as was shown for Plasmodium yoelii in mice (14).

Apoptosis as a Nonlytic Dissemination Strategy

Most, if not all, intracellular pathogens modulate host cell death
responses in order to counteract these innate defense mechanisms
and establish themselves a replication niche. Aspects relating to
the persistence of an infection will not be discussed here. How-
ever, some pathogens are able to exploit cell death pathways to
facilitate spreading.

The modulation of host macrophage death by mycobacteria is
now recognized as an important determinant for infection (re-
viewed in reference 16). It appears that, while macrophages in-
fected with nonvirulent M. bovis BCG undergo apoptosis, virulent
M. tuberculosis strains can induce necrosis (see “Unconcerted
Egress from the Vacuole and the Host Cell”). The potential role of
the ESX1 secretion system, the ESAT-6 membranolytic activity,
and the strategy for escape from the vacuole in this important
difference is currently being studied intensively. Nevertheless, the
live imaging of M. marinum-infected, translucent zebrafish by
time-lapse fluorescence microscopy suggested an active role for

FIG 2 Life cycle stage-specific egress strategies for Plasmodium. The complex life cycle of the malaria parasite comprises four stages requiring egress. (A) First,
hepatocytes release merozoites (green) to initiate the blood stage. This occurs by an unconcerted egress strategy involving parasitophorous vacuolar membrane
(PVM) lysis, the release of merosomes into the bloodstream by budding, and, finally, merosome lysis. (B) Second, merozoites proliferate in a lytic cycle in red
blood cells (RBCs). The lysis of the PVM and the destabilization of the RBC cytoskeleton culminates in a rapid succession of events, namely, pore formation, the
curling of the RBC membrane, and the projection of the progeny by the buckling/eversion of the same membrane into the bloodstream. (C) Third, gametocytes
(purple) inside RBCs are taken up by a mosquito and egress into the midgut for fertilization. Egress results in the release of one female macrogamete or eight
flagellated male microgametes. (D) Fourth, sporozoites (blue) escape from the oocyst in the mosquito midgut epithelium in order to migrate to the salivary
glands. The oocyst stage is the only replicative phase of the parasite that does not take place within a host cell. Instead, the cyst is surrounded by an inner layer of
parasite origin and by an outer layer derived from the basal lamina. Interestingly, apart from the lytic cycle in RBCs, all other egress events are preceded by the
differentiation of the parasite into a new form specifically adapted to meet the respective requirements for successful egress and to initiate the next stage of the life cycle.
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intragranuloma apoptotic events in the spread of infection by vir-
ulent M. marinum (42). Cell death attracted macrophages, which
engulfed bacteria, spreading infection and inducing new granulo-
matous structures. Granulomas can persist over long periods of
time and have traditionally been associated with the containment
of infection in mammals. Interestingly, M. avium, which is classi-
fied as a ubiquitous nontuberculous mycobacterium that can
cause pulmonary diseases in immunocompromised individuals,
was reported to use apoptotic macrophages for spread (51). While
some M. avium strains appear to use the apoptotic bodies as a
vehicle to infect naïve macrophages that engulf them, others seem
to be able to lyse both the vacuole and the apoptotic body to
reinfect neighboring macrophages. Therefore, apoptosis can act as
an innate defense mechanism against mycobacteria but might
play different roles in different hosts.

EGRESS STRATEGIES INVOLVING LYSIS OF THE VACUOLE
AND HOST CELL

Vacuolar lysis and host cell lysis often take place simultaneously or
in rapid succession, but there are also examples where they are
spaced in time. According to this difference in the timing of the
two steps, we distinguish concerted from unconcerted lytic egress.
Unconcerted egress can, for example, result from pathogen repli-
cation in the cytoplasm or from mechanistically different strate-
gies for lysing the vacuole and the host cell. In principle, a patho-
gen could also trigger host cell lysis without previously exiting the
vacuole. However, to our knowledge, there is no example of such
an egress strategy to date.

Perhaps the most striking example for a (superficially) “uncon-
trolled” egress strategy is the one used by the dimorphic fungus
Candida albicans to exit from mucosal epithelial cells. Micro-
scopic observations suggested that the simple physical penetration
of membrane barriers driven by outgrowth might result in
“egress” and the spread of infection. The fungus’ ability to un-
dergo a morphological switch from spherical yeast to filamentous
hyphae leads to high mechanical stress on the host cell and has
been linked to its virulence (87). A �eed1 (epithelial escape and
dissemination) mutant incapable of hyphal formation in response
to a diverse range of stimuli is strongly attenuated in causing the
tissue damages characteristic of advanced infections (160). In re-
constituted human oral epithelial cells, spherical forms of this
strain were endocytosed and proliferated within cells but re-
mained trapped inside.

Unconcerted Egress from the Vacuole and the Host Cell

Many intracellular pathogens have been shown to subvert host cell
death pathways for exit from the host cell and dissemination.
Pyroptosis is a caspase-1-dependent programmed cell death re-
sulting in cell lysis and the release of proinflammatory cytokines.
It is therefore considered a potent innate defense mechanism. De-
spite this, some pathogens, such as Francisella (123, 125) and Le-
gionella (131), exit host cells that have undergone this type of cell
death. As another example, Salmonella enterica induces the extru-
sion of infected cells from the intestinal epithelium for dissemina-
tion into the gut and the environment. Homeostatic extrusion
involves apoptosis, but extrusion triggered by the bacteria is ac-
companied by pyroptosis (84). That work also showed the exis-
tence of a subpopulation of flagellated, motile bacteria that reside
in the cytosol and, in contrast to intravacuolar bacteria, express
invasion factors such as T3SS1. Interestingly, in this context, an-

other study demonstrated the existence of a nonlytic, flagellum-
dependent egress mechanism in oncotic macrophages (121).

As different host cell types undergoing different types of cell
death may be involved during the course of an infection, it is
sometimes difficult to establish which events are beneficial to the
host or to the pathogen during infection in vivo. This has been
discussed for systemic infections of Salmonella, and new tools to
investigate the population dynamics of pathogens in the host
should help resolve these questions (reviewed in reference 154).
Salmonella enterica serovar Typhimurium induces apoptosis in
intestinal epithelial cells (which might be of importance to cross
this barrier and initiate infection) and in a subset of infected mac-
rophages. However, pyroptosis and necrosis appear to be numer-
ically dominant in systemic infections (154). S. Typhimurium in-
duces pyroptosis in macrophages and is able to delay host cell
death to improve replication and systemic dissemination (58).
The activation of pyroptosis by Salmonella is similar to but distinct
from the pathway induced by the anthrax lethal toxin. The former
seems to act via Ipaf, whereas the latter is known to require the
inflammasome adaptor Nalp1 (57). Interestingly, Salmonella in-
duces both caspase-1 activation and the release of inflamma-
tory cytokines, associated with or possibly triggering massive
(phago)lysosome exocytosis (18). It is not yet clear whether the
microbicidal activities released from lysosomes participate in the
antimicrobial nature of pyroptosis (18). Shigella spp. also induce
pyroptosis of their host macrophages (61). Similarly to Salmo-
nella, a pathogenic factor, Shigella IpaB or Salmonella SipB, is se-
creted via a T3SS and can directly bind to and activate caspase-1.
The pyroptosis of Shigella-infected macrophages recruits poly-
morphonuclear leukocytes, which can be infected by capturing
these dying cells (61). Interestingly, while Listeria induces apop-
tosis in a variety of cell types, in macrophages, the bacterium ap-
pears to make use of pyroptosis to spread the infection (61).

As mentioned in “Apoptosis as a Nonlytic Exit Strategy,” the
modulation of host macrophage death by mycobacteria is emerg-
ing as an important determinant of infection (reviewed in refer-
ence 16). Virulent M. tuberculosis cells induce necrosis in a com-
plex pathway that depends on the ESX1 secretion system. The
manipulation of the host eicosanoid pathways leads to the inhibi-
tion of cellular membrane repair, affecting mitochondria and the
plasma membrane and possibly affecting other organelles, such as
the replication vacuole. This results in the steering of the macro-
phage into necrosis (45). The release of bacteria by this mecha-
nism not only avoids apoptosis as an innate defense mechanism
but also delays the establishment of adaptive immunity in mice, as
necrosis prevents the cross-presentation of antigens by dendritic
cells (46). The induction of necrosis by virulent mycobacteria
might also be important for the outcome of infection in other
hosts, because susceptibility has been linked to a mutation affect-
ing eicosanoid biosynthesis in zebrafish and humans (145, 146).
The exact mechanisms of the induction of necrosis are under
study, but a recent report signaled a critical role for the NLRP3
inflammasome in this process (155). A contact-dependent hemo-
lysin activity linked to a functional ESX1 system induces Ca2�-
dependent lysosome secretion that is concurrent with the release
of proinflammatory cytokines from infected macrophages (85).
ESAT-6 appears to generate vacuole damage that is sensed by the
host and recruits various signaling molecules, such as galectin-3,
leading to the Syk tyrosine kinase-dependent activation of NLRP3
(85, 155). This pathway is reminiscent of Syk-dependent NLRP3
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activation during fungal and malarial infections (67, 130). Re-
cently, such a link between M. tuberculosis vacuole damage and/or
complete lysis and host cell death by necrosis was confirmed in-
dependently (132).

Legionella infects Acanthamoeba but is also an opportunistic
human pathogen found within an intracellular vacuole in alveolar
epithelial cells and macrophages. At later stages of infection, bac-
terial flagellin induces pyroptosis in macrophages in a mechanism
dependent on the bacterial type IVB secretion system Dot/Icm
and on the host Nlrc4 inflammasome (131). As part of the pyrop-
totic process, a host-derived pore-forming activity is induced, the
action of which precedes host cell lysis and the release of the bac-
teria (131). These findings might have a general significance for
various intracellular pathogens inducing host cell pyroptosis.
Legionella mutants that do not induce this host-derived pore-
forming activity are able to replicate but are severely delayed in
exit from the host cell (6). Similar observations were made for
amoeba hosts (60). However, it remains unknown whether pore-
forming activity is critical for bacterial release, because other fac-
tors of the pyroptotic response may contribute.

Although it is unclear whether it occurs as a concerted or un-
concerted strategy, there is another example illustrating the im-
portance of host cell death pathways in Leishmania major infec-
tion. L. major is a parasite that usually replicates within the
phagosome. After a bite by a sand fly, neutrophils phagocytose the
transmitted parasites (108). Neutrophils undergoing apoptosis
appear to promote the release and subsequent transfer of the par-
asite into macrophages and, in addition, are critical for the mod-
ulation of macrophage and dendritic cell functions (discussed in
reference 109). The efficient capture of infected neutrophils by
dendritic cells in the skin inhibits the early antileishmania re-
sponse (116).

Other unconcerted lytic egress strategies unrelated to cell death-
mediated mechanisms do exist. In T. cruzi, for example, motility
appears to be an important contributor to egress. After replica-
tion, nonmotile amastigotes redifferentiate in the cytosol into
flagellated trypomastigotes. Based on visual observations, the lat-
ter breach the host plasma membrane shortly after becoming mo-
tile (11). Trypomastigotes are capable of protrusion from cy-
tochalasin D-treated host cells immediately after uptake (156).
Therefore, under normal conditions, a potential protrusion
mechanism would probably require the destabilization of the host
cell actin cytoskeleton by parasite factors. These may include a
cysteine protease activity that has been implicated in the egress of
T. cruzi trypomastigotes from host cells (40).

Concerted Egress from the Vacuole and the Host Cell

Concerted egress strategies are common among apicomplexan
parasites, although there are some notable exceptions, such as the
budding of Plasmodium liver-stage parasites (see “Budding from
the Plasma Membrane”). This illustrates that in organisms with
complex life cycles, the mechanisms of exit from the host cell can
be stage specific (Fig. 2). The egress of blood-stage Plasmodium
parasites from red blood cells (RBCs) is governed by the release of
parasite proteases and a calcium-dependent kinase (49). Merozo-
ites are very short lived in the blood circulation, and hence, egress
needs to be tightly controlled to optimize dissemination. The lysis
of the PVM and the lysis of the host plasma membrane require
different effectors and occur in rapid succession (reviewed in ref-
erence 23). The rupture of RBCs also involves osmotic stress (65).

Other classes of effectors, such as PFPs (52) and lipases (20), might
also be involved, but there is currently no direct support for this
hypothesis. Modifications of the RBC membrane and cytoskele-
ton appear central for the efficient dispersal of the nonmotile
progeny, enabling the RBC membrane to undergo a sequence of
events described as curling-buckling-eversion-vesiculation (2).
Indeed, the removal of adaptor proteins and cytoskeletal elements
from the RBC membrane has been reported (96). At least in vitro,
the subversion of host calpain proteases facilitates the egress of
Plasmodium falciparum and T. gondii by cleaving several cytoskel-
etal elements (33). However, the reticulocyte-invading rodent
malaria parasite P. yoelii develops equally in calpain�/� mice com-
pared to wild-type mice (71).

The subtilisin-like serine protease SUB1 is essential for the
egress of P. falciparum from RBCs (157). PfSUB1 is released into
the parasitophorous vacuole (PV) from a novel type of parasite
secretory organelle, called the exoneme, just prior to egress, but
nothing is known about the stimulus that leads to its secretion.
PfSUB1 is a Ca2�-dependent protease, and the low-Ca2� environ-
ment of the PV space could represent a second level of control in
addition to regulated exoneme discharge. PfSUB1 and the cysteine
protease dipeptidyl aminopeptidase 3 (DPAP3) process papain-
like proteins of the serine repeat antigen (SERA) family, which is
crucial for parasite egress (13, 157). The existence of a proteolytic
cascade has been postulated; however, evidence for protease activ-
ity has so far been obtained only for PfSERA5 (74). One P. berghei
SERA homologue, called egress cysteine protease 1 (PbECP1), was
shown to be essential for the egress of the mosquito stage of the
parasite (10). Despite the activation of parasite motility, PbECP1-
negative sporozoites are unable to leave the oocyst. Nevertheless,
motility does contribute to efficient egress in this stage, because
sporozoites lacking productive gliding locomotion also display a
partial defect in oocyst egress (55).

The exit of Plasmodium gametocytes from RBCs occurs con-
comitantly with differentiation into gametes. Gametogenesis and
egress depend on activation by external stimuli (temperature drop
and xanthurenic acid) in the mosquito midgut and on parasite
protease activities (135). Parasite organelles called osmiophilic
bodies, found predominantly in female gametocytes, were postu-
lated to be functionally equivalent to exonemes in the blood stage
(44). Pfg377 is a protein located in the osmiophilic bodies that
plays a pivotal role in the biogenesis of these organelles, and par-
asites deficient in Pfg377 showed a reduced emergence of female
gametes from RBCs (but no effect on male gametes) and reduced
infectivity toward mosquitoes. PbGEST and the protein of early
gametocyte 3 (PEG3) (also called male development 1 [MDV-1])
are released from osmiophilic bodies into the PV and are impor-
tant for the egress of both male and female P. berghei gametocytes
(112, 143). Besides its role in vertebrate-mosquito transmission,
PbGEST also functions in cell traversal by sporozoites, which is
required for productive transmission back to the vertebrate host
(143).

In the apicomplexan model organism T. gondii, perforin-like
protein 1 (TgPLP1) plays a key role in the egress of tachyzoites, the
form characteristic of acute infections (81). The protein is secreted
into the PV space from parasite organelles called micronemes,
presumably just prior to egress. TgPLP1-deficient parasites are
avirulent in mice and display severely delayed and temporally het-
erogeneous egress in cell culture, which suggested that parasite
gliding motility is able to force exit from the host cell eventually.
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TgPLP1 destabilizes the PVM and possibly also attacks other host
cell membranes (81). The fact that TgPLP1 is released from mi-
cronemes has important implications not only for T. gondii but
potentially also for other apicomplexan parasites. Microneme se-
cretion in apicomplexans is thought to resemble Ca2�-mediated
exocytosis in other organisms and has traditionally been associ-
ated with the activation of gliding motility and host cell invasion
(21, 102). Microneme secretion and egress can be artificially in-
duced by Ca2� ionophores in a variety of parasites (17, 54). Im-
portantly, T. gondii ionophore-induced-egress mutants show a
defect in the establishment of in vivo infections (89). Both induced
and noninduced egress requires the release of TgPLP1 (81). In
addition, induced egress relies on parasite motility (95, 100, 111).
In contrast, noninduced egress involves increased vacuolar pres-
sure but does not require gliding motility (88). In addition to
parasite factors, the release of Ca2� from the ER leads to the acti-
vation of host cell calpains that participate in parasite egress by
destabilizing the host cell cytoskeleton (33). The action of TgPLP1
likely results in the breakdown of ion gradients in the host cell and
was proposed to trigger a feedback-loop mechanism leading to the
amplification of microneme secretion (118).

While the replication of T. gondii by successive rounds of binary
fission is compatible with induced/premature egress, this is not
necessarily the case for other parasites. For example, Plasmodium
multiplies by schizogony, which means that premature egress
could be fatal due to incomplete cell division.

Interestingly, in the case of Eimeria tenella infection, the host
might rely on immune-mediated mechanisms (cytokines and an-
tibodies) to force the premature exit of sporozoites before
schizogony starts (47). For T. gondii, it was hypothesized that in-
duced/premature egress reflects the parasite’s ability to react to
environmental changes, whereas noninduced egress is the re-
sponse to an intrinsic stimulus presumably coupled to replication.
The significance of proliferation-dependent versus premature
egress in in vivo infection was investigated in a recent study in
mice. During acute infection, T. gondii undergoes a rapid turnover
of egress and reinvasion in macrophages (147). Activated macro-
phages were suspected to be involved in the external trigger for
premature egress, but it remains to be determined if the parasite or
the host ultimately benefits from this rapid turnover. Prolifera-
tion-dependent egress was also observed in vivo in mesothelial
cells in a way similar to what is known from cell culture conditions
(147).

STIMULI AND SIGNALING LEADING TO EGRESS

To date, the stimuli and the ensuing signaling leading to egress
remain largely unknown for most intracellular pathogens. An ex-
ception is the apicomplexan parasite T. gondii. The phytohor-
mone abscisic acid (ABA) acts as a natural agonist of egress in T.
gondii tachyzoites (101). ABA induces the formation of the sec-
ondary messenger cyclic ADP-ribose (cADPR), which in turn trig-
gers Ca2�-dependent protein secretion from micronemes. The
successful completion of replication appears to be coupled to par-
asite ABA biosynthesis (101). Conversely, a metabolic block of
ABA biosynthesis severely delays egress and results in the differ-
entiation of parasites into the semidormant bradyzoites charac-
teristic of chronic infection (101). In addition to this intrinsic
egress stimulus, the T. gondii tachyzoite is able to monitor the state
of the host cell and reacts to extrinsic stimuli with egress from its
host cell. Such premature egress can be an ultimate solution in

response to a life-threatening situation. The egress of T. gondii can
be triggered by cytotoxic T lymphocytes through the induction of
death receptor-mediated apoptosis (107) and possibly by acti-
vated macrophages (147). The means by which the pathogen
senses environmental changes are only beginning to be under-
stood. Although not essential for egress, a drop in the host cell
cytosolic K� concentration is sufficient to trigger egress through
the activation of a parasite PI-PLC, which in turn leads to an
increase in the intraparasitic Ca2� concentration (59, 88, 100). In
accordance with this, PFPs secreted by cytotoxic T or NK cells
were shown to induce egress (106, 107). Alternatively, an insuffi-
cient maintenance of the K� gradient across the host plasma
membrane due to an energy exhaustion of the host cell could
cause a decrease in the concentration of host cell cytosolic K� and
thus trigger egress.

CONCLUSIONS AND PERSPECTIVES

Intracellular pathogens comprise a very diverse collection of or-
ganisms. Egress from their host cell is a vital event in their life
cycle. The release of progeny is important for the spread and es-
tablishment of infection in the host organism and for transmis-
sion to a new host. Failure to egress has been associated with con-
siderably reduced virulence in a variety of organisms, indicating
that the targeting of effectors of egress may have therapeutic po-
tential.

The analysis of egress has been technically challenging: it is
difficult to investigate factors that are involved in the release of the
pathogen from a vacuolar compartment and/or exit from the host
cell independently, as the first is a prerequisite of the second. To
address this issue, a number of elegant methods have been devel-
oped. Inducible expression systems have proven to be a valuable
tool in this regard (5, 68, 105). Recently, fluorescence microscopy
using a FRET-based approach and/or galectin-3 as a marker for
vacuolar lysis was established as a new tool to identify host cellular
factors implicated in vacuolar egress by Shigella, Listeria, Salmo-
nella, mycobacteria, and potentially other intracellular pathogens
(105, 115, 132). High spatiotemporal resolution also allows the
localization of these factors during the event, as was demonstrated
for RhoA and Rac1, which were recruited to the site of vacuole
rupture by Shigella (115). Another useful technique is a hypotonic
shock protocol, which allows the artificial delivery of mycobacte-
ria from the vacuole into the host cell cytosol (134). Furthermore,
the establishment of powerful forward genetic screens in T. gondii
for the isolation of egress mutants is promising to shed light on
signaling pathways leading to egress (53). Most importantly, the
increasing use of alternative host model systems has significantly
advanced our understanding of host-pathogen interactions and,
specifically, of egress strategies. Translucent zebrafish embryos as
a model host organism make it possible to monitor mycobacterial
infections over time in a living organism. Furthermore, amoebae
are gaining attention as single-cell host model systems. Environ-
mental amoebae are a natural breeding ground for pathogenic
bacteria, and the concept is emerging that pathogenic strategies,
including egress, emerged from these very early interactions (35,
36, 69).

Although host cell egress by different pathogens sometimes
needs to meet very different requirements, the various strategies
share some common principles. From what is known to date, it
appears that most eukaryotic intracellular parasites have opted for
a lytic egress strategy, which might simply be due to their relatively
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large sizes compared to the sizes of bacteria, for which nonlytic
egress strategies are more common (76). As a consequence, these
pathogens need to be prepared to face the hostile extracellular
environment. In order to minimize exposure to the host immune
system, many of these pathogens have developed rapid and highly
controlled exit mechanisms that ensure the fast release of progeny
that are ready for the immediate invasion of neighboring cells. In
fact, it has become clear that, at least in some apicomplexans,
egress and subsequent invasion are linked (22, 86). In T. gondii
tachyzoites, the connection between invasion and egress has been
achieved by the storage of molecular effectors for invasion and
egress in the same set of secretory organelles, the micronemes (21,
22, 81, 102). Furthermore, Ca2� signaling appears to connect the
control of microneme discharge with the activation of the glideo-
some machinery functioning in invasion and egress (21, 95, 100,
102, 111). Similarly, exonemes in Plasmodium play an important
role in egress and invasion. PfSUB1 not only is essential for egress
but also contributes directly to the efficient invasion of parasites
into RBCs (86). Plasmodium also harbors micronemes, but in
contrast to T. gondii, these appear to be dispensable for egress, at
least for blood-stage parasites (56). It remains to be established
whether corresponding and/or different secretory organelles op-
erate in related organisms, as has been proposed for rhoptries and
microspheres in the escape of the Theileria sporozoite from its
vacuole into the lymphocyte cytosol (129).

With new assays and model systems and the improvements in
pathogen gene expression analyses and regulated gene expression
systems, we are well equipped to deepen our understanding of
egress as a pathogen-controlled process. From future work, we can
expect to see a broader picture of the implications of egress in
host-pathogen interactions and virulence mechanisms.
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